The c-Abl tyrosine kinase is activated by ionizing radiation and certain other DNA-damaging agents. The DNA-dependent protein kinase (DNA ± PK) and the ataxia telangiectasia mutated (ATM) gene product, eectors in the DNA damage response, contribute to the induction of c-Abl activity. The present study demonstrates that c-Abl is expressed in mouse and rat testes, and predominantly in pachytene spermatocytes of meiosis I. The results also demonstrate that c-Abl interacts directly with meiotic chromosomes. In concert with a requirement for c-Abl at the pachytene stage, we show that, in contrast to wild-type mice, testes from Abl 7/7 mice exhibit defects in spermatogenesis. These ®ndings provide the ®rst demonstration that c-Abl plays a functional role in meiosis.
Introduction
The c-Abl nonreceptor tyrosine kinase is expressed in diverse tissues, including germ line cells of the testes (Meijer et al., 1987; Oppi et al., 1987; Ponzetto and Wolgemuth, 1985; Schwartzberg et al., 1991) . c-Abl is a nuclear and cytoplasmic protein which contains Src homology SH2 and SH3 domains, a tyrosine kinase domain, and actin and DNA-binding domains (Lewis et al., 1996; Wang, 1993) . Whereas the precise functional role of c-Abl has remained unclear, recent studies have shown that c-Abl is activated in cells exposed to ionizing radiation (IR) and certain other genotoxic agents (Kharbanda et al., 1995a,b; Liu et al., 1996) . c-Abl associates with the DNA-dependent protein kinase (DNA ± PK) . Activation of DNA ± PK by DNA damage results in phosphorylation of c-Abl and induction of c-Abl activity . Other studies have demonstrated that c-Abl associates with the ataxia telangiectasia mutated (ATM) gene product and that ATM may activate c-Abl in the response to DNAdamaging agents (Baskaran et al., 1997; Shafman et al., 1997) . Cells de®cient in c-Abl are resistant to DNAdamage-induced apoptosis , while DNA ± PK or ATM-de®cient cells are hypersensitive to radiation (Jeggo et al., 1995; Roth et al., 1995) .
c-Abl binds to p53 in vitro and stimulates p53-dependent transcription (Goga et al., 1995) . Other work has suggested that the cytostatic eect of c-Abl requires both p53 and Rb (Wen et al., 1996) . The ®ndings that c-Abl is activated by certain genotoxic agents and its overexpression causes arrest in G1 phase by mechanism dependent on p53 provided further support for the demonstration that c-Abl contributes to growth arrest induced by DNA damage (Kharbanda et al., 1995a; Yuan et al., 1996) . Other signals dependent on c-Abl activation include induction of stress-activated protein kinase (SAPK/JNK) and p38 MAPK by diverse genotoxic agents (Kharbanda et al., 1995a,b; Pandey et al., 1996) .
An important question concerning the DNA damage response is how DNA damage is converted into informational intracellular signals that aect cell behavior. The available ®ndings suggest that IRinduced DNA double strand breaks induce c-Abl activation (Kharbanda et al., 1995b) . Thus, while DNA ± PK and ATM may be directly responsible for activation of c-Abl, DNA strand breaks appear to represent an initial signal. Accumulation of DNA double strand breaks also occurs as errors during DNA synthesis, recombination and mitosis. Taken together with the ®ndings on activation of c-Abl by genotoxic agents, c-Abl might function in normal cellular processes, such as meiotic recombination, that are also associated with DNA strand interruptions.
The present study demonstrates that c-Abl is expressed in pachytene spermatocytes and interacts directly with meiotic chromosomes. Importantly, the results further demonstrate that, in contrast to wildtype mice, testes from Abl 7/7 mice exhibit defects in spermatogenesis. These ®ndings support a functional role for c-Abl in meiosis.
Results and discussion
To investigate a potential role for c-Abl in meiosis, we puri®ed dierent germ cell populations from the testes of 85 ± 90 day old Sprague Dawley rats and subjected whole cell lysates to immunoblotting with anti-c-Abl. Pachytene spermatocytes expressed high levels of c-Abl protein compared to cells from later meiotic stages ( Figure 1a) . The lower levels of c-Abl in the spermatogonia, round spermatid and elongating spermatid fractions may re¯ect expression in these cell types (Ponzetto et al., 1989) or possibly the presence within these preparations of preleptotene spermatocytes. As a control, immunoblotting with an anti-c-Src antibody demonstrated expression of c-Src that is, by contrast, predominantly in the elongating spermatid fraction (Figure 1a) . Also, equal loading of the lanes was con®rmed by demonstrating similar levels of a-tubulin in the cell fractions ( Figure 1a) . To assay for c-Abl activity, anti-c-Abl immunoprecipitates from the cell lysates were incubated with [g- To further de®ne expression of c-Abl in meiotic cells, immunostaining with anti-c-Abl was performed using spermatocytes obtained from adult or prepubertal mice. c-Abl nuclear dots were observed in preleptotene spermatocytes (Figure 2a and b). c-Abl staining was found near the ends of pachytene chromosomes (Figure 2c ), while no speci®c staining was detectable on chromosomes from early meiosis metaphase I spermatocytes ( Figure 2d ). These ®ndings suggest that c-Abl interacts directly with meiotic chromosomes.
The functional signi®cance of c-Abl on meiotic chromosomes was addressed by studying spermatogenesis in wild-type and Abl 7/7 mice (Hardin et al., 1996; Tybulewicz et al., 1991) . Transverse and sagittal sections of the testes stained with toluidine blue showed, using a lower magni®cation, some of the seminiferous tubules with thinner epithelium in Abl
, as compared to wildtype, mice (Figure 3a,b) . Higher magni®cation demonstrated that round and elongated spermatids were markedly diminished or absent in certain seminiferous tubules of Abl 7/7 mice (Figure 3c,d ). In hematoxylinand eosin-stained ®xed sections of Abl 7/7 seminiferous tubules (Stages II ± V), the pachytene, round and elongated spermatocytes exhibited abnormal arrangements with appearance of cells in the lumen as compared to that in wild-type mice (Figure 3e ± h) .
Electron microscopy of seminiferous tubules from the wild-type (Figure 4a ) and Abl 7/7 (Figure 4b ) mice con®rmed a requirement for c-Abl in the orderly progression of primary spermatocytes at the pachytene stage to secondary spermatocytes, spermatids and spermatozoa. The seminiferous tubules from wild-type mice showed typical strati®ed germinal epithelial cells at various stages of spermatogenesis: (i) spermatogonia were closely packed on a well de®ned limiting membrane; (ii) various stages of spermatocytes were present towards the center of the tubules; and (iii) large numbers of spermatids and spermatozoa were seen within the lumen of the tubules. Importantly, the seminiferous tubules from Abl 7/7 mice showed fewer germinal epithelial cells within the limiting membrane. The majority of germinal cells showed mild to striking degenerative changes including condensation of mitochondria, increase of secondary lysosomes, decreased electron density of the cytosol, and loss of integrity of the whole cell. The intercellular spaces among the cells were enlarged and were often ®lled with cellular debris. Only a few spermatids were seen within the lumen. The ®nding that certain Abl 7/7 mice produce no spermatozoa while others exhibit decreased production (Kruh et al., 1990) , that can suppress loss of cAbl function. Taken together with the histochemistry studies, these ®ndings demonstrate defects in meiotic progression beyond the pachytene stage in Abl 7/7 mice. These ®ndings are also in concert with the observation that Abl 7/7 males are generally infertile (Tybulewicz et al., 1991) 
(and data not shown).
The present data show for the ®rst time that c-Abl is expressed in meiotic prophase cells and predominantly in association with chromosomes of pachytene spermatocytes. While dierences may occur between species, studies on both rat and mouse spermatocytes suggest that expression and function of c-Abl is comparable. The ®nding that c-Abl is present near the ends of certain pachytene chromosomes raises the possibility that c-Abl is involved in telomere movement. In this context, recent studies have demonstrated that c-Abl interacts with ATM (Baskaran et al., 1997; Shafman et al., 1997) . ATM, a homolog of the yeast TEL1 (Greenwell et al., 1995) , has been found to in¯uence telomeric associations and control telomere length in mammalian cells (Smilenov et al., 1997) . Alternatively, since crossing-over occurs at the pachytene stage, one could propose that c-Abl is involved in meiotic recombination. Whereas both recombination and exposure to IR are associated with formation of DNA double-strand breaks, c-Abl may participate in responding to the extent of these lesions to maintain proper checkpoint control. In support of this hypothesis is the recent ®nding that c-Abl is phosphorylated and activated by DNA ± PK in the response of mitotic cells to DNA damage . DNA ± PK is activated by DNA doublestrand breaks (Gottlieb and Jackson, 1993; Lees-Miller et al., 1990) and is necessary for V(D)J recombination (Kirchgessner et al., 1995) . Therefore, the accumulating evidence supports a role for c-Abl in the maintenance of genomic integrity in mitotic cells and, on the basis of the present ®ndings, in meiotic prophase cells.
Materials and methods

Testicular germ cells isolation and puri®cation
Freshly isolated germ cell suspensions were prepared from the testes of 85 ± 90 day old adult Sprague Dawley rats (Charles River, Kinston, NY). Spermatogonia, pachytene spermatocytes, round spermatids and elongating spermatids were separated and puri®ed by elutriation centrifugation using a J6-MI Beckman system as described (Fujisawa et al., 1992) . Purity of the fraction enriched for pachytene spermatocytes was *85%.
Immunoprecipitates and immunoblot analysis
Cell lysates were prepared as described in lysis buer containing 1% Nonidet P-40 and 0.25% deoxycholate. Immunoprecipitations were per- (66850) formed with anti-c-Abl (K-12; Santa Cruz) or anti-c-Src (UBI, Lake Placid, NY). Proteins were separated in 5% or 7% SDS-polyacrylamide gels and transblotted onto nitrocellulose. Immunoblot analysis with anti-c-Abl (Ab-3, Oncogene Science), anti-c-Src or anti-atubulin (mouse monoclonal, T-9026, Sigma) was as described .
c-Abl kinase assays
Lysates were subjected to immunoprecipitation with anti-cAbl. The protein complexes were washed and resuspended in kinase buer containing 2.5 mCi [g-32 P]ATP with and without GST-Crk (120 ± 225) (Kharbanda et al., 1995b) . Phosphorylation was analysed by SDS ± PAGE and autoradiography.
Tissue processing and immunostaining of mouse spermatocytes
Neonatal testes were obtained from Swiss Webster (Charles River, Wilmington, DE) mice at postnatal days 17 and 21. Adult testes were obtained from mice at least 42 days old. Testes were dissected, teased apart into small pieces in 0.5% KCl solution and left for 75 min at room temperature. Fixative (1 : 3 acetic acid and methanol) was added gently to a ®nal concentration of 5%. Smear slides were made and air dried overnight. The slides were washed three times (each time for 15 min) with ADB solution (10% fetal calf serum, 3% albumin and 0.05% Triton-X), incubated with c-Abl antibody (Ab-1 or Ab-3, Oncogene Science) overnight at room temperature and washed three times with ADB solution. The primary antibody was identi®ed with FITC-conjugated anti-mouse IgG antibody as a secondary antibody. The procedure for detection of nuclei and chromosomes is as described (Pandita and DeRubeis, 1995) . The dierent stages of meiosis were identi®ed by standard cytogenetic procedures (Ross et al., 1995) .
Histocytochemistry
Testes from Abl 7/7 and wild-type mice bred out of the 129/ C57B16 hybrid strain (Hardin et al., 1996; Tybulewicz et al., 1991) were collected on dry ice. Sections (5 ± 6 mm) were cut with a cryostat at 7228C, placed on glass slides, dried at room temperature and ®xed in 4% paraformaldehyde in PBS (pH 7.4). Sections were stained with 1% toluidine blue and observed under a Nikon Labophot microscope. Testes were separately placed into 5 ml of ice cold Bouin's ®xative (Sigma). After 30 min, approximately 10% from each pole of a testis was removed and placed in 5 ml of fresh Bouin's ®xative at 48C for 24 h. After washing with 70% ethanol the testes were processed for embedding in paran wax. Several sections (4 mm) were mounted onto microscopic slides and stained with hematoxylin-eosin and visualized by light microscopy as described (Russell et al., 1990) .
Electron microscopy
All ®xation was done with 2.5% glutaraldehyde in 0.1 M cacodylate buer, pH 7.4, containing 1% CaCl 2 at 48C. Following ®xation, the tissue blocks were washed three times in Sabatini's solution (0.1 M phosphate buered saline with 6.8% sucrose). Samples were then post-®xed with 1% osmium textroxide in the same buer for an additional hour, followed by three washes in Sabatini's solution. Dehydration was done with graded series of alcohol followed by treatment with propylene oxide. Epoxy blocks were polymerized at 378C overnight and then at 608C for another 24 h. Semithin sections were cut for identi®cation of seminiferous tubules after staining with 1% toluidine blue. Ultrathin sections were stained with uranyl acetate and Reynold's lead citrate, and examined with a transmission electron microscope (JEOL 100CX-II) at an accelerating voltage of 60 kV.
